Anode-supported micro-tubular solid oxide fuel cells (mT-SOFCs) using samaria-doped ceria (SDC) as electrolyte were fabricated, varying the composition and number of anode functional layers (AFLs), by combining the aqueous gel-casting and spray- ) at 650ºC using hydrogen as fuel and air as oxidant.
Introduction
In the last decades, a great interest in the development of Solid Oxide Fuel Cells (SOFCs) for portable devices has been generated. (1, 2) In order to achieve this goal, many configuration designs, materials and processing methods have been developed.(3) Among different alternatives, micro-tubular SOFCs (mT-SOFCs) with tubular diameters under a few millimeters (or sub-millimetres) have attracted a remarkable attention, as they show high performance on the thermal shock resistance, volumetric power density, fast start-up/shut-down and thermal cycling, as well as simpler gas manifolds and seals. (4,5,6) The development and advance of the most typical techniques for tubular processing, such as cold isostatic pressing, (7, 8) slipcasting,(9,10) extrusion,(11) co-extrusion, (12) electro-phoretic deposition,(13) phase inversion, (14, 15) gel-casting, (16, 17) and co-spinning which present high ionic conductivity at intermediate temperatures. (29, 30, 31, 32, 33) In anode-supported mT-SOFCs, volumetric power density depends remarkably on the inverse of cell diameter, (34) and the area power density is also strongly affected by the wall thickness and the porosity of tubular support. (6, 35, 36) These devices should also require a good strength for handling during their manufacturing of the single-cell and assembling the fuel-cell stack. (36) In addition, they must also survive to the typical thermal cycles occurring during operation. (6) Therefore, the anode supports should possess enough wall thickness and mechanical integrity, as well as sufficient porosity The NiO-YSZ supports were pre-sintered at 1100ºC. Subsequently, the SDC electrolyte layer (15 µm thickness) was deposited by colloidal spray-coating, which was also made by mixing commercial SDC with cobalt oxide (2.0 wt.%) used as a sintering aid. Then, both anode and electrolyte were co-sintered at 1450ºC for 5. After cosintering, the 70:30 wt.% LSCF-SDC cathode was sprayed onto the half-cell.
Afterwards, the cathode was sintered at 1050°C for 2 h in air. Before electrochemical testing, the anode of mT-SOFCs was reduced at 700ºC for 1 h in pure humidified analyzed by field emission scanning electron microscope (Merlin FE-SEM, Carl Zeiss).
Electrochemical characterization
The electrochemical performance of the cells was tested using H 2 as fuel in the anodic compartment and air in the cathodic chamber. Electrical connections were made using four Ag wires. Ag meshes were used as current collectors at the cathode and anode 
Flexural strength tests of mT-SOFCs
Three-point bending test was used to evaluate the mechanical strength of the cells fabricated with and without AFLs. Flexural strength, also well-known as modulus of rupture (MOR), was determined using an uniaxial dynamic test equipment (INSTRON 8032). The samples were fixed on the sample holder set at a span length of 30 mm.
The flexural strength was calculated using the following Eq. (1):
where F is the measured force applied on the samples, L is the span length, Ø o is the outer diameter, and Ø i is the inner diameter of the tested tubular supports. Mechanical strength was calculated from the collected breaking force values using the dimensions of the tubes. An average of at least 10 values was determined for each sample type.
In order to understand the reliability of the flexural strengths, the variability of σ was analysed using the Weibull statistical method. The cumulative Weibull distribution describes the fracture probability P for a given uniaxial stress σ, expressed as:
where σ 0 is a scaling parameter, referred as a characteristic strength defined as the stress at which the P is 63.2%, and m is the Weibull modulus. (37, 38, 40, 41, 62) The cumulative distribution function can be rewritten by taking natural logarithm for two consecutive times as:
The values of m and σ 0 can be obtained by fitting the experimental data, using the conventional least square regression method.
Hardness at the electrolyte/AFL/support region
The operating between 500ºC and 650ºC. As hydrogen excess was used to ensure a dynamic gas flow for all the cells, a fuel utilization of about 9% was achieved at 1 A cm -2 (0.5 V) for cell -2. Lower fuel utilizations, 2% and 6%, were achieved at 0.5 V for cells -0 and -1, respectively. From those experiments, the positive effect of the AFL I and the graded anode (with AFL I and II) on the cell performance is evident (Fig. 1) . Cell-2 exhibits a lower output power than that of cell-1, as probably the thicker graded anode limits the rapid diffusion of fuel gas and the reactant out from the reaction zone. It seems that the enlargement of TPB in the cell-1 is adequate for the improvement of the catalytic reaction of the electrode. In addition, according to the measured OCV values, gas leakages between anode and cathode chambers are avoided by using AFLs. It may be attributed to the formation of micro-cracks and small pores at electrolyte layer (for the cell-0) generated during the co-sintering process and NiO reduction, which can be minimized by using optimized AFLs. 
Impedance analysis
In Fig. 2 , EIS results of cells-1 and -2 under OCV conditions at 650ºC are presented.
Unfortunately, the EIS results of cell-0 (without AFL) could not be determined with a suitable electrochemical stability in operation, due to the remarkable effect of gas leakages, and the low OCV. EIS recorded for cells-1 and -2, was slightly noisy, especially at lower frequencies. The experimental data was fitted using the equivalent , is assigned to the hydrogen diffusion through the Ni-SDC support, which is also about constant for the studied cells. In principle, more potential reaction sites are produced with two AFLs (AFL I and II) in comparison to only one (AFL I), as the total AFL thickness increases. Comparing the microstructures exhibited in Fig. 3 , the low porosity of AFL II in cell-2 and the slight enhancement of gas diffusion path associated with the increase of total AFL thickness may limit the diffusion of gases across the AFLs, and so the gas transport between the support and TPBs. In this case, the AFL II of cell-2, in addition to a slight increase on the gas diffusion resistance (0.06 to 0.07 Ω·cm 2 ), will also decrease the density of TPBs (due the higher fraction of SDC), and thus the activation resistance will be also increased (0.16 to 0.22 Ω·cm 2 ). In summary, the microstructure of the AFL I in the cell-1 satisfied the requirements for achieving anode performance better than the cell-2 with graded anode. In addition, a good anode microstructure (AFL) should also result in matched thermal expansion coefficients (TEC) between the support and the electrolyte to facilitate the reduction process of NiO, heating and long-term stability of SOFC.
Some cracks at the SDC electrolyte can be formed in the co-sintering process and/or heating process during measurement. In fact, the reduction of NiO may initiate stress at the interface between electrolyte, AFL and support. (36, 76) As previously mentioned, the microtubular cells, especially in the case of cell-0 presented a low OCV, due to the formation of micro-cracks at electrolyte layer generated during the reduction process of NiO, which can be minimized by using optimized AFLs. Then, the influence of AFL on the mechanical properties of cells at macroscopic and micro-/nanoscopic scales is of great importance and it will be described in the next section. 
Flexural strength of the cells
The results of MOR for the mT-cells-0, -1 and -2, after reduction process, are shown in Table 3 . Both cells-1 and -2 with one and two AFLs present MOR values significantly larger than those of cell-0 without AFL, which evidences the positive effect of AFL on the mechanical strength of the cells. In addition, the graded anode-supported cell with two AFLs presents a slight improvement in MOR and lower scatter than the cell with one AFL. Similar trends are also evidenced in terms of Weibull parameters (Table 3 and Fig. 4) . Therefore, the maximum Weibull modulus value is obtained for cell-2,
indicating that the degree of scatter in the measured data is quite lower compared to the other cells, especially with respect to the cell-0. It may be attributed to the thermomechanical stress generated between the electrolyte layer and support, during the cosintering, NiO reduction, and in operation. As concluded in previous works, (77, 78, 79) the support composition has a significant influence on its thermo-mechanical properties, which is a decisive factor for the thermo-mechanical stability of mT-cells.
The relationships between elastic modulus (E), Poisson ratio (ν) and the anode Ni 4 Weibull plots for the flexural strength of the cells, after reduction process.
Hardness at the electrolyte/AFL/support region
The microstructure at the region between electrolyte and support, and the corresponding local hardness (H) in this zone for each cell, before reduction process, are shown in Fig. 3 . contributing not only to increase the TPB to enhance the electrochemical reactions, but also to improve the mechanical integrity of mT-SOFCs.
Conclusions
The influence of anode functional layers (AFLs) on the electrochemical and mechanical properties in mT-SOFCs, using SDC as the electrolyte and fabricated by aqueous gelcasting, was investigated by analysing three cell configurations with different number of AFLs. Electrochemical tests showed the highest power density (0.52 W·cm -2 at 650ºC) for cell-1, presenting a single-layer AFL I of 12 µm thickness and 50:50 wt.% Ni-SDC.
Probably, the characteristics of AFL I allowed to achieve an effective balance between the increased number of TPBs and the amplified gas diffusion path as a consequence of the reduced porosity at the AFL. In contrast, cell-2 with double-layer AFL (AFL I and II of 25 µm thickness, 50:50 wt.% and 40:60 wt.% NiO-SDC, respectively) presented a lower performance (0.35 W·cm -2 at 650ºC). It was attributed to the low amount of Ni particles at the electrolyte/AFL II interface, due the higher proportion of SDC. The relatively low OCVs of the cells are probably attributed to the current leakage related to the electronic conduction and the presence of small gas leakages through micro-pores and micro-cracks at the electrolyte layer. It was remarkably critical in the cell-0 without AFL that presented a low OCV and a modest flexural strength, probably due to the thermo-mechanical stress generated at the electrolyte-support interface, during the cosintering and reduction processes. As a summary, the use of AFLs with an adequate composition and microstructure in the mT-SOFCs is required to minimize the formation of micro-cracks and pores at the electrolyte layer, as well as to improve the electrochemical performance and mechanical strength of cell.
